Introduction
============

Lung cancer is one of the most common aggressive malignancies and non-small cell lung carcinoma (NSCLC) accounts for \~85% of lung cancer-associated mortalities ([@b1-ijmm-42-06-3093]). Metastasis is common in patients with NSCLC and early metastasis is responsible for a majority that succumb to the disease ([@b2-ijmm-42-06-3093],[@b3-ijmm-42-06-3093]). Random genetic and epigenetic mutations in cancer cells, combined with a plastic and responsive microenvironment, support the metastatic evolution of tumors. Metastasis comprises a series of complex processes requiring the interaction of different signaling pathways; it involves the detachment of tumor cells, the degradation of extracellular matrix (ECM), the invasion, migration and adhesion of endothelial cells, and the re-establishment of growth at distant sites ([@b4-ijmm-42-06-3093],[@b5-ijmm-42-06-3093]). Genes associated with the initiation of metastasis and virulence operate in the early and late stages of invasion and growth, when located within the primary tumor and in various metastatic environments, respectively ([@b6-ijmm-42-06-3093]). A previous study suggested that the mammalian target of rapamycin (mTOR) signaling pathway was involved in the transformation and neoplastic proliferation of human NSCLC malignancies. Constitutive activation of the phosphatidylinositol-4,5-bisphosphate 3-kinase (PI3K)/protein kinase B (Akt)/mTOR signaling pathway occurs in 90% of NSCLC cell lines ([@b7-ijmm-42-06-3093]). The mTOR signaling pathway primarily regulates growth by affecting ribosome biogenesis, protein translation and autophagy, and has emerged as a promising target for therapies against diseases, including cancer and diabetes ([@b8-ijmm-42-06-3093]). It appears to be a prime strategic target for inhibiting the proliferation, invasion and migration of thyroid cancer, breast cancer, glioblastoma and gastric adenocarcinoma ([@b9-ijmm-42-06-3093]-[@b12-ijmm-42-06-3093]).

Mitogen-activated protein kinase kinase kinase kinase 3 (MAP4K3), also termed germinal center-like kinase, is a regulator of cell growth that is required for maximal mTORC1-dependent S6K/4E-BP1 phosphorylation in cell cultures ([@b13-ijmm-42-06-3093],[@b14-ijmm-42-06-3093]). In addition to promoting the activation of mTORC1, there is evidence that MAP4K3 is involved in tumor metastasis, viability and apoptosis. MicroRNA let-7c has been reported to inhibit the migration and invasion of SKEMS-1 cells by targeting MAP4K3 ([@b15-ijmm-42-06-3093]) and MAP4K3 knockdown almost eradicated breast cancer cell migration ([@b16-ijmm-42-06-3093]). MAP4K3 is overexpressed in pulmonary tissues of patients with NSCLC and its overexpression is correlated with high recurrence risk and poor recurrence-free survival rates ([@b17-ijmm-42-06-3093]). Therefore, MAP4K3 may be a prognostic biomarker for NSCLC recurrence and a promising antimetastatic and antitumor target.

To assist in developing superior anti-NSCLC treatments, the present study examined a panel of compounds with anti-MAP4K3 activity and identified two targets, *Astragalus* polysaccharide (APS) and 10-hydroxycamptothecin (HCPT). APS is an active ingredient found in the dried roots of *Astragalus membranaceus,*a herb used in numerous traditional Chinese medicines ([@b18-ijmm-42-06-3093],[@b19-ijmm-42-06-3093]), and HCPT, a natural camptothecin (CPT) derivative, has increased antitumor activity and decreased toxicity compared with CPT ([@b20-ijmm-42-06-3093]). In the present study, the anti-NSCLC effects of APS and HCPT on H1299 cells were investigated following single and combination treatments.

Materials and methods
=====================

Reagents, antibodies and plasmid constructs
-------------------------------------------

pRK5myc-MAP4K3 (M4K3) and AFG kinase-dead (KD) MAP4K3 were prepared as described previously ([@b13-ijmm-42-06-3093]). APS \[2-(chlorom ethyl)-4-(4-nitrophenyl)-1,3-thiazole; ≥98%\] was purchased from ShangHai YuanYe Biotechnology Co., Ltd. (Shanghai, China; CAS no. 89250-26-0; cat. no. C18M6Y1). HCPT (98%) was purchased from Shanghai Aladdin Biochemical Co., Ltd. (Shanghai, China; CAS no. 19685-09-7; cat. no. H1524105). 3-methyladenine (3-MA) and chloroquine (CQ) were obtained from Sigma-Aldrich, EMD Millipore (Billerica, MA, USA). Fetal bovine serum (FBS) was from HyClone, GE Healthcare Life Sciences (Logan, UT, USA) and penicillin G, streptomycin and Dulbecco's modified Eagle's medium (DMEM) were from Gibco, Thermo Fisher Scientific, Inc. (Waltham, MA, USA). p-nitrobenzyl mesylate (PNBM) was from Epitomics (Burlingame, CA, USA). Myelin basic protein (MBP), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) and isopropyl alcohol were purchased from Sigma-Aldrich, EMD Millipore. β-actin mouse monoclonal antibody (mAb; cat. no. ab8226), Bax rabbit antibody (Ab; cat. no. 2772), Bcl-2 rabbit mAb (cat. no. 3498), caspase-3 rabbit Ab (cat. no. 9662), caspase-9 rabbit Ab (cat. no. 9502S), cytochrome *c* (D18C7) rabbit mAb (cat. no. 11940S), p70S6K mouse mAb (cat. no. 611261), phospho-p70 S6K (Thr389) rabbit Ab (cat. no. 9205), MAP4K3 rabbit Ab (cat. no. PAB3189), anti-myc 9E10 mouse mAb (cat. no. 05-419), thiophosphate ester rabbit mAb (cat. no. ab92570), microtubule-associated protein 1 light chain 3 (LC3) rabbit Ab (cat. no. 8025) and P62 rabbit mAb (cat. no. 11940) were purchased from Cell Signaling Technology, Inc. (Boston, MA, USA), Abcam (Cambridge, UK) or BD Biosciences (San Diego, CA, USA). Secondary horseradish peroxidase-conjugated goat anti-rabbit immunoglobulin G (IgG; cat. no. 31460) and horseradish peroxidase-conjugated goat anti-mouse IgG (cat. no. 31430) antibodies were purchased from Thermo Fisher Scientific, Inc. All other chemicals were of analytical grade.

Cell culture and transfection
-----------------------------

Human H1299 NSCLC cells (H1299), NCI H460 (H460) cells and 293T cells were obtained from the Chinese Academy of Sciences (Shanghai Institute of Cell Biology and Biochemistry, and the Chinese Type Culture Collection, Shanghai, China). The cell lines were cultured in DMEM supplemented with 10% heat-inactivated FBS, 100 U/ml penicillin and 100 *µ*g/ml streptomycin. The cells were maintained at 37°C in a humidified 5% CO~2~ incubator.

For transfection, the cell lines were plated at 5 ×10^5^ cells/well in 6-well plates and incubated overnight prior to transfection with Lipofectamine^®^ 2000 (Invitrogen, Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol. Unless otherwise specified, H1299 cells or H460 cells were transfected with 0.5 *µ*g pRK5myc Vec, 0.5 *µ*g AFG MAP4K3-KD or 0.5 *µ*g pRK5myc M4K3 and cultured for 24 h, after which, they were used in subsequent experiments.

MAP4K3 in vitro kinase activity assay
-------------------------------------

Immunoprecipitated myc-tagged MAP4K3 from 293T cells, produced as previously described ([@b13-ijmm-42-06-3093]), were incubated with MBP as a substrate and the indicated agents. To screen for inhibitors of MAP4K3 by western blot analysis, ATPγS was used at a concentration of 1 mM in appropriate kinase buffers ([@b21-ijmm-42-06-3093]). The proteins were alkylated with 2.5 mM PNBM for 2 h at room temperature (18-22°C) and the products were analyzed by western blot analysis.

Cell viability
--------------

The H1299 cells were seeded in 96-well cell culture plates and incubated for 24 h. Following treatment with the agents at the indicated concentrations and times, cell viability was evaluated using an MTT assay, which is based on the reduction of a tetrazolium salt by mitochondrial dehydrogenase by viable cells. Following treatment, MTT solution (final concentration, 500 *µ*g/ml) was added to each well and incubated for 4 h at 37°C. The formed formazan crystals were dissolved in DMSO and the absorbance was measured at 490 nm using a microplate reader (Bio-Rad Laboratories, Inc., Hercules, CA, USA).

Flow cytometry
--------------

Cell cycles were analyzed using a propidium iodide (PI) cell cycle detection kit (BD Biosciences), according to the manufacturer's protocol. The cells were trypsinized, washed with PBS, centrifuged at 190 × g for 5 min at room temperature, and the concentration was adjusted to 1×10^6^ cells/ml. The cells were resuspended in solution A at room temperature for 10 min. Solution B was added for 10 min and the cells were stained with fluorescein isothiocyanate (FITC)-labeled PI at room temperature for 15 min under light-protected conditions.

Flow cytometric analysis was performed using a BD FACSAria II Cell Sorter (BD Biosciences). The percentage of apoptotic cells was calculated using BD FACSDiva Software v7.0 (BD Biosciences, Franklin Lakes, NJ, USA). The apoptotic indices were determined using a FITC-labeled Annexin V/PI apoptosis detection kit (Sigma-Aldrich, EMD Millipore). Briefly, the cells were harvested, washed with PBS and centrifuged at 190 × g for 5 min at room temperature. The cells were adjusted to 1×10^6^ cells/ml, resuspended in binding buffer and stained with FITC-labeled Annexin V/PI at room temperature for 15 min under light-protected conditions. Flow cytometric analysis was performed using a FACSCalibur flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA).

Wound-healing assay
-------------------

Wound healing was assayed as previously described with modifications ([@b22-ijmm-42-06-3093]). Briefly, the H1299 cells and H460 cells were cultured to confluence in 6-well cell culture plates for 24 h in serum-free medium, respectively. The medium was replaced with serum-containing medium followed by the addition of APS or/and HCPT, and cell monolayers were disrupted by scraping with a 100-*µ*l micropipette tip. At the indicated times (0 and 24 h without transfection; 0,19 and 60 h with transfection) following scraping, the cells were washed twice with PBS (pH 7.4) and images were captured using an optical microscope at ×40 magnification.

In vitro migration and invasion assay
-------------------------------------

The chemotactic directional migration of H1299 cells was measured using 24-well Transwell inserts. Pore filters (8-*µ*m; Corning Incorporated, Corning, NY, USA) were coated with gelatin (Sigma-Aldrich, EMD Millipore). Following culture for 24 h in serum-free DMEM, the cells were resuspended in serum-free medium, seeded in the upper chambers of the Transwell inserts (1×10^5^ cells/ml) and incubated with APS and/or HCPT. DMEM containing 10% FBS was placed in the lower chamber. The cells in each treatment group were incubated for 24 h at 37°C in a humidified atmosphere with 95% air and 5% CO~2~. The filters were stained with 0.1% crystal violet. Cells that had migrated and adhered to the underside of the filters were counted and images were captured using an optical microscope at × 40 magnification. The invasiveness of the H1299 cells was measured using Matrigel-coated Transwell cell culture chambers (8-*µ*m pore size) as previously described. The method was the same as for migration analysis. Cells that had penetrated through the Matrigel coating and adhered to the lower surface of the filters were counted and images were captured using an optical microscope at ×40 magnification.

Western blot analysis
---------------------

The cells were washed in 1X PBS and lysed in lysis buffer as described ([@b13-ijmm-42-06-3093]). The total protein concentrations was determined using the Bradford method. The total protein or protein fractions (50 *µ*g/lane) were loaded and separated by 10 or 12% SDS-PAGE and transferred onto PVDF membranes. The membranes were blocked with 5% skimmed milk powder for 45 min at room temperature. The membranes were then incubated with primary antibodies directed against β-actin (dilution 1:2,000), Bax (dilution 1:1,000), Bcl-2 (dilution 1:1,000), caspase-3 (dilution 1:1,000), caspase-9 (dilution 1:1,000), cytochrome *c* dilution 1:1,000), p70S6K (dilution 1:500), phospho-p70 S6K (Thr389) (dilution 1:1,000), MAP4K3 rabbit Ab (dilution 1:500), myc (dilution 1:2,000), thiophosphate ester (dilution 1:5,000), LC3 (dilution 1:1,000) and P62 (dilution 1:1,000) overnight at 4°C. The membranes were subsequently washed three times with PBS-0.1% Tween-20 for 10 min and were then incubated with goat anti-mouse (dilution 1:10,000) or goat anti-rabbit (dilution 1:5,000) secondary antibodies for 1 h at room temperature. The expression of individual proteins was detected with an enhanced chemiluminescence kit (Applygen Technologies, Inc., Beijing, China). The densitometric values of the bands were measured using ImageQuant TL software (version 8.1; GE Life Sciences, Chicago, IL, USA).

Statistical analysis
--------------------

Data are reported as the mean ± standard error of the mean. Differences between groups were analyzed using Student's t-test with SPSS 14.0 (SPSS, Inc., Chicago, IL, USA). P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

Effects of APS, HCPT and their combination on MAP4K3 and mTOR signaling in H1299 cells
--------------------------------------------------------------------------------------

To identify an inhibitor specific for MAP4K3, the *in vitro* activity of MAP4K3 was measured by incubating the kinase with the generic substrate MBP. In the presence of ATPγS, MAP4K3 kinase activity was markedly inhibited by APS and HCPT ([Fig. 1A](#f1-ijmm-42-06-3093){ref-type="fig"}).

Subsequently, it was demonstrated that APS and HCPT inhibited the phosphorylation of S6K. The endogenous expression of MAP4K3 in H1299 cells was markedly reduced by HCPT, although not by APS ([Fig. 1B](#f1-ijmm-42-06-3093){ref-type="fig"}). HCPT and the combined agents inhibited S6K phosphorylation at Thr389 by 10.02±0.01 and 20.89±0.01-fold, respectively, which was increased compared with APS (1.33±0.02-fold). In addition, the overexpression of MAP4K3 reduced the inhibition of mTOR signaling in the presence of APS, although not when treated with HCPT or the combined agents ([Fig. 1C](#f1-ijmm-42-06-3093){ref-type="fig"}). Unlike rapamycin, a specific inhibitor of mTOR, HCPT was observed to partially inhibit insulin-responsive mTOR activation ([Fig. 1D](#f1-ijmm-42-06-3093){ref-type="fig"}). These results suggested that the two agents impaired the activation of MAP4K3 and act on the mTOR signaling pathway in a similar manner.

Effects of APS and HCPT on cell viability and apoptosis
-------------------------------------------------------

To detect the cytotoxic effects of APS, the H1299 cells were exposed to HCPT and varying of doses of APS for 24 h and cell viability was examined using an MTT assay. As with HCPT, APS moderately inhibited the growth and proliferation of H1299 cells ([Fig. 2A and B](#f2-ijmm-42-06-3093){ref-type="fig"}). The effects of APS and HCPT on apoptosis were assessed using an Annexin V-FITC/PI assay. APS significantly enhanced apoptosis in H1299 cells (early apoptosis, 6.48±1.27%; late apoptosis, 19.88±2.89%) and HCPT induced late apoptosis, up to 45.59±2.91% ([Fig. 2C and D](#f2-ijmm-42-06-3093){ref-type="fig"}), indicating that APS and HCPT inhibited cell proliferation by promoting apoptosis in H1299 cells.

Flow cytometry was used to distinguish between cells in different phases of the cell cycle. As shown in [Fig. 3A and B](#f3-ijmm-42-06-3093){ref-type="fig"}, following APS treatment, the percentages of cells in the S and G2/M phases increased to 42.94±3.09 and 11.12±1.32%, respectively, and following HCPT treatment these proportions were 66.57±2.93 and 9.73±1.39%, respectively, indicating that HCPT and APS treatment induced S phase and G2/M phase arrest. These results further suggested that APS and HCPT induced H1299 cell death by altering the cell cycle distribution.

APS induces mitochondria-mediated apoptosis and HCPT induces autophagy in H1299 cells
-------------------------------------------------------------------------------------

The upregulation of caspase-3, cytochrome *c* and the Bax/Bcl-2 and caspase-9/pro-caspase-9 ratios were observed following treatment of the H1299 cells with APS ([Fig. 4A-D](#f4-ijmm-42-06-3093){ref-type="fig"}). The results indicated that APS treatment induced H1299 cell death through the release of cytochrome *c* from the mitochondria.

As inhibition of the Akt/mTOR/S6K signaling pathway is linked to the induction of autophagy ([@b23-ijmm-42-06-3093]), the present study examined whether HCPT induces autophagy by inhibiting this pathway. Autophagy is activated by the increased expression of LC3-II, which controls the completion of autophagosome formation. P62 is selectively incorporated into autophagosomes through directly binding to LC3 and is efficiently degraded during autophagy. Therefore, the total cellular expression levels of P62 is inversely correlated with the autophagic activity. In the present study, it was demonstrated that HCPT induced the formation of LC3-II and decreased the expression of P62 following treatment with HCPT for 6, 12 and 24 h ([Fig. 5A and B](#f5-ijmm-42-06-3093){ref-type="fig"}). To validate and interpret this result, western blot analysis was performed with the control extracts harvested from cells treated with 3-MA, a phosphoinositide 3-kinase inhibitor, which prevents the induction of autophagosomes and inhibits autophagic flux, and CQ, which inhibits the fusion of autophagosomes and lysosomes, inhibiting autophagy and leading to LC3 accumulation. Compared with the H1299 cells incubated with HCPT alone, pretreatment with 3-MA markedly decreased the levels of LC3-II and increased the expression of P62 ([Fig. 5C and D](#f5-ijmm-42-06-3093){ref-type="fig"}), whereas pretreatment with CQ markedly increased the levels of LC3-II ([Fig. 5E and F](#f5-ijmm-42-06-3093){ref-type="fig"}), suggesting that HCPT treatment induced autophagic flux.

APS and HCPT inhibit the migration and invasion of H1299 cells
--------------------------------------------------------------

To assess the effect of APS and HCPT on migration and invasion of H1299 cells, a gradual reduction in the area of wounding was observed in the control cells incubated with DMEM for 24 h. Treatment of the H1299 cells with APS resulted in significant inhibition of this migration, whereas HCPT treatment did not affect migration ([Fig. 6A and B](#f6-ijmm-42-06-3093){ref-type="fig"}). The present study further assessed the effect of APS and HCPT on the migration of H460 cells. APS and HCPT affected the migration of H460 cells similar to that of the H1299 cells ([Fig. 7A and B](#f7-ijmm-42-06-3093){ref-type="fig"}).

Transwell assays were also performed with polycarbonate filters to analyze the migration and invasion of H1299 ([Fig. 8A-D](#f8-ijmm-42-06-3093){ref-type="fig"}). It was demonstrated that APS and the combination of APS and HCPT inhibited migration by 46.21±7.93 and 53.09±6.7%, respectively, whereas HCPT only had a moderate effect on migration, indicating that treatment with APS and the combined agents inhibited the migration of H1299 cells more effectively than HCPT ([Fig. 8A and C](#f8-ijmm-42-06-3093){ref-type="fig"}). It was also observed that treatment with APS, the combined agents and HCPT inhibited the invasion of H1299 cells by 75.13±6.63, 87.22±3.01 and 42.52±16.36%, respectively, compared with the control, suggesting that the combination of the agents was more effective in inhibiting H1299 migration and invasion compared with APS treatment alone or HCPT alone ([Fig. 8B and D](#f8-ijmm-42-06-3093){ref-type="fig"}).

Overexpression of MAP4K3 increases the migration and invasion of H1299 cells, and these effects are reversed by APS treatment
-----------------------------------------------------------------------------------------------------------------------------

The present study considered whether the overexpression of MAP4K3 stimulates the migration of H1299 cells, despite H1299 exhibit relatively high background expression of MAP4K3. The H1299 cells were transfected with wild-type MAP4K3 and KD MAP4K3, and it was demonstrated that cells transfected with wild-type MAP4K3 led to more rapid closure of the wounded area compared with the cells transfected with KD MAP4K3 or the vector control ([Fig. 9A-C](#f9-ijmm-42-06-3093){ref-type="fig"}). It was also observed that cells transfected with wild-type MAP4K3 and the vector control almost fully reversed the inflicted wound within a 60-h incubation period, whereas the cells transfected with the KD MAP4K3 exhibited decreased migration, suggesting that the KD MAP4K3 behaves like a dominant negative mutation. The results also suggested that, when cells transfected with wild-type MAP4K3 were exposed to APS, their invasive properties were reduced ([Fig. 9D and E](#f9-ijmm-42-06-3093){ref-type="fig"}). The overexpression of MAP4K3 also increased wound closure in the H460 cell line ([Fig. 10A and B](#f10-ijmm-42-06-3093){ref-type="fig"}).

Discussion
==========

Traditional Chinese medicines have been considered to be effective in treatment for thousands of years, suggesting that Chinese herbal medicines may serve as suitable candidates in drug development. In the present study, the antitumor effects of commonly used Chinese herbal medicines on H1299 NSCLC cells were screened using an *in vitro* kinase assay based on the activity of MAP4K3. Two candidates, APS and HCPT, were identified. HCPT was initially used as a positive control in the present study. In previous experiments, HCPT exhibited significant antitumor activity against various tumors, including lung cancer cells, human SMS-KCNR neuroblastoma cells, DU145-TxR prostate cancer cells, and hepatoma, oral squamous cell carcinoma and breast cancer cells ([@b24-ijmm-42-06-3093]-[@b29-ijmm-42-06-3093]). It was found that HCPT inhibited MAP4K3 kinase activity *in vitro* and S6K phosphorylation at Thr389 in H1299 cells, however, whether HCPT was able to induce autophagy in H1299 cells remained to be elucidated. Therefore, the expression of autophagy-associated proteins (LC3-I/-II and P62) was assessed, and it was demonstrated that HCPT induced autophagy in H1299 cells by the impairment of MAP4K3/mTOR signaling to S6K. As reported previously for HeLa cells ([@b30-ijmm-42-06-3093]), HCPT induced autophagy in H1299 cells.

APS is a mixture of biological macromolecules extracted from *Astragalus* spp. that exhibits a number of biologically-relevant activities, including potent immunoregulatory properties ([@b31-ijmm-42-06-3093],[@b32-ijmm-42-06-3093]), the reduction of chemotoxicity ([@b33-ijmm-42-06-3093]) and adverse treatment-associated effects ([@b34-ijmm-42-06-3093],[@b35-ijmm-42-06-3093]), and antitumor activities ([@b36-ijmm-42-06-3093]). APS can increase the expression of Toll-like receptor 4 to enhance innate immunity during mucosal bacterial infections *in vivo* and *in vitro* ([@b37-ijmm-42-06-3093]). It has also been used as an adjuvant for an avian infectious bronchitis virus vaccine ([@b38-ijmm-42-06-3093]), it inhibits cell volume increases in the myocardium, and has a protective effect on myocardial ischemia and reperfusion injury/isoprenaline-treated cardiomyocytes by inhibiting myocardial tissue apoptosis *in vivo* ([@b39-ijmm-42-06-3093]). However, APS treatment inhibited proliferation and promoted apoptosis in H460 NSCLC cells ([@b36-ijmm-42-06-3093]), and combination treatment with vinorelbine and cisplatin administered to patients with advanced NSCLC significantly improved quality of life ([@b40-ijmm-42-06-3093]). *Astragalus*and *Salvia miltiorrhiza*extract have been shown to inhibit cell migration and invasion in HepG2 cells ([@b41-ijmm-42-06-3093]).

The versatile effects of APS on different cell and tissue types *in vivo* and *in vitro* explain why the root of *Astragalus membranaceus*, termed Huang Qi in Mandarin, is one of the most commonly used Chinese herbal medicines. The present study reported that APS induced mitochondria-mediated apoptosis by increasing levels of pro-apoptotic Bax, caspase-3, caspase-9 and cytochrome *c*, and decreasing levels of Bcl-2 and pro-caspase-9 in H1299 cells. It was also demonstrated that the combination treatment of APS and HCPT was more effective compared with either APS or HCPT treatment alone with respect to inhibiting the migration and invasion of H1299 cells. Furthermore, it was observed that the effects of APS and HCPT treatment on the migration of H460 were similar to those on H1299 cells.

MAP4K3 is a member of the Ste20-related family, named after Sterile 20 involved in pheromone signaling in *Saccharomyces cerevisiae* ([@b42-ijmm-42-06-3093]). Members of this family are characterized by a conserved kinase domain and a noncatalytic region, which enables these proteins to interact with various signaling molecules and regulatory proteins. MAP4K3 promotes cell growth in human HeLa cells in culture in a similar manner to Ras homolog enriched in brain and mTORC1 ([@b43-ijmm-42-06-3093]). Therefore, the present study examined MAP4K3 inhibitors as potential tumor-selective therapeutic agents by measuring the inhibition of the kinase *in vitro*. It was found that APS and HCPT inhibited the activity of MAP4K3 *in vitro*, particularly HCPT, and the combined agents exhibited more marked suppression of MAP4K3/mTOR signaling to S6K in H1299 cells. It was also demonstrated that the overexpression of wild-type MAP4K3 stimulated wound healing *in vitro*. Therefore, MAP4K3 may be a potential therapeutic target for the treatment of NSCLC.

Future preclinical studies may elucidate and supplement the findings of the present study. However, target-based drug screening is a viable approach and mechanism-based combination regimens, including APS and HCPT, may be beneficial in the treatment of NSCLC.
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![APS, HCPT and the combination of APS and HCPT inhibit the MAP4K3/mTOR signaling pathway in H1299 cells. (A) *In vitro* kinase assays using WT-MAP4K3 immunoprecipitated from 293T cells with myelin basic protein as a substrate, ATPγS as a phospho-donor and 1 mg/ml APS or 1 *µ*M HCPT incubated at 30°C for 30 min. (B) Endogenous expression of MAP4K3 and Thr389-phosphorylation of S6K in H1299 cells, detected by western blot analysis following incubation with 1 mg/ml APS or 1 *µ*M HCPT, or the combined agents, for 24 h. (C) H1299 cells were transfected with 0.5 *µ*g pRK5mycMAP4K3, serum-starved for 16 h and treated for 24 h with 1 mg/ml APS or 1 *µ*M HCPT, or the combined agents. (D) Thr389-phosphorylation of S6K in H1299 cells was assessed via western blot analysis. Serum-starved cells were incubated with 1 *µ*M Ins for 30 min or 1 *µ*M HCPT for 24 h, or Ins followed by HCPT; or, cells were treated with 50 nM Rapa for 1 h or 1 *µ*M HCPT for 24 h, or with Rapa followed by HCPT. Western blot results are representative of three independent experiments. APS, *Astragalus* polysaccharide; HCPT, 10-hydroxycamptothecin; M4K3, mitogen-activated protein kinase kinase kinase kinase 3; mTOR, mammalian target of rapamycin; WT, wild-type; Rapa, rapamycin; Ins, insulin. ^\*\*^P\<0.01, vs. untreated control.](IJMM-42-06-3093-g00){#f1-ijmm-42-06-3093}

![Effects of APS and HCPT on the viability and apoptosis of H1299 cells. Viability of H1299 cells was determined via MTT assay. (A) H1299 cells were exposed to the indicated concentrations of APS, and (B) the indicated concentrations of APS or 1 *µ*M HCPT for 24 h. Each point represents the mean ± standard error of the mean of three independent experiments. (C) H1299 cells were treated with 0.4 mg/ml APS or 1 *µ*M HCPT for 24 h, and the apoptotic response was analyzed by FACS analysis of Annexin V/propidium iodide double-stained cells. (D) Graph showing the results of apoptisis. Data are representative of two independent experiments. APS, *Astragalus* polysaccharide; HCPT, 10-hydroxycamptothecin; FITC, fluorescein isothiocyanate. ^\*^P\<0.05 and ^\*\*^P\<0.01, vs. untreated control.](IJMM-42-06-3093-g01){#f2-ijmm-42-06-3093}

![Effects of APS and HCPT on cell cycle progression in H1299 cells. (A) Effects of 0.4 mg/ml APS and 1 *µ*M HCPT on cell cycle progression in H1299 cells were analyzed by FACS analysis using propidium iodide single staining. (B) Graph showing results of cell cycle analysis. Data are representative of three independent experiments. APS, *Astragalus* polysaccharide; HCPT, 10-hydroxycamptothecin. ^\*\*^P\<0.01, vs. untreated control.](IJMM-42-06-3093-g02){#f3-ijmm-42-06-3093}

![Effects of APS on the mitochondrial apoptotic pathway in H1299 cells. H1299 cells were incubated with 0.2-0.8 mg/ml APS for 24 h. (A) Western blot analysis was performed to evaluate levels of Bax, Bcl-2, and Cas-3, with (B) quantification of results shown in the graph. (C) Western blot analysis was performed to evaluate levels of pro-Cas-9, Cas-9 and Cyto C, with (D) quantification of results shown in the graph. Data are presented as the mean ± standard error of the mean of three independent experiments. APS, *Astragalus* polysaccharide; HCPT, 10-hydroxycamptothecin; Bcl-2, B-cell lymphoma 2; Bax, Bcl-2-associated X protein; Cas, caspase; Cyto C, cytochrome *c*. ^\*^P\<0.05, vs. control.](IJMM-42-06-3093-g03){#f4-ijmm-42-06-3093}

![HCPT induces autophagy in H1299 cells. H1299 cells were treated with 2 *µ*M HCPT for the indicated times. (A) Western blot analysis was performed to evaluate the levels of Thr389-P70S6K, P62, LC3-I/-II and β-actin. β-actin served as a loading control. (B) Graph showing protein expression levels. (C) H1299 cells were pretreated with 5 mM 3-MA for 1 h and incubated with 2 *µ*M HCPT for another 24 h. Levels of P62 and LC3-I and -II were determined and (D) quantified. (E) H1299 cells were pretreated with 20 *µ*M CQ for 1 h and incubated with 2 *µ*M HCPT for another 24 h. P62 and LC3-I and -II levels were determined and (F) quantified. β-actin served as a loading control. Data are representative of three independent experiments. APS, *Astragalus* polysaccharide; HCPT, 10-hydroxycamptothecin; 3-MA, 3-methyladenine; CQ, chloroquine; LC3, microtubule-associated protein 1 light chain 3. ^\*^P\<0.05 and ^\*\*^P\<0.01, vs. control.](IJMM-42-06-3093-g04){#f5-ijmm-42-06-3093}

![APS and combination treatment of APS and HCPT reduce the migration ability of H1299 cells. (A) Migration of H1299 cells with and without treatment with 0.1 mg/ml APS, 0.1 *µ*M HCPT or the combined agents was measured using a wound-healing assay. (B) Quantification of the wound gaps 24 h following induction of the wound. Images were captured using an optical microscope at ×40 magnification. Data are presented as the mean ± standard error of the mean of three independent experiments, with ten random fields counted in each chamber. Scale bar, 200 *µ*M. APS, *Astragalus* polysaccharide; HCPT, 10-hydroxycamptothecin. ^\*\*^P\<0.01, vs. control.](IJMM-42-06-3093-g05){#f6-ijmm-42-06-3093}

![APS and the combination of APS and HCPT reduce the migration ability of H460 cells. (A) Migration of H460 cells with or without treatment with 0.05 mg/ml APS, 0.2 *µ*M HCPT or the combined agents was measured using a wound-healing assay. (B) Quantification of the wound gaps 24 h following induction of the wound. Images were captured using an optical microscope at a ×40 magnification. Data are presented as the mean ± standard error of the mean of three independent experiments, with 10 random fields counted in each chamber. Scale bar, 200 *µ*M. APS, *Astragalus* polysaccharide; HCPT, 10-hydroxycamptothecin. ^\*\*^P\<0.01 vs. control.](IJMM-42-06-3093-g06){#f7-ijmm-42-06-3093}

![A combination of APS and HCPT is most effective at inhibiting the migration and invasion of H1299 cells. (A) Migration and (B) invasion assays were performed following treatment with 0.1 mg/ml APS, 0.1 *µ*M HCPT or the combined agents using a Transwell assay with and without Matrigel. Photomicrographs and bar diagrams of the number of cells that (C) migrated and (D) invaded through the filter to the fibronectin-coated surface following crystal violet staining. Images were captured using an optical microscope at a ×40 magnification. Data are presented as the mean ± standard error of the mean of three independent experiments with 10 random fields counted for each chamber. Scale bar, 200 *µ*M. APS, *Astragalus* polysaccharide; HCPT, 10-hydroxycamptothecin. ^\*\*^P\<0.01 vs. control.](IJMM-42-06-3093-g07){#f8-ijmm-42-06-3093}

![Overexpression of MAP4K3 increases migration and invasion of H1299 cells and migration and invasion remain sensitive to APS. H1299 cells were transfected with 0.5 *µ*g pRK5myc Vec, 0.5 *µ*g AFG MAP4K3-KD or 0.5 *µ*g pRK5myc M4K3 for 24 h. (A) Images of wound gaps were captured using an optical microscope at a ×40 magnification. (B) Gaps were quantified at 19 and 60 h post-wound induction. (C) Myc levels were determined. (D) H1299 cells were transfected with 0.5 *µ*g pRK5myc M4K3 for 24 h and subsequently incubated for 24 h with or without 0.1 mg/ml APS. Invasion was assessed using Transwell assays with Matrigel. Images were captured using an optical microscope at a ×40 magnification. Data are presented as the mean ± standard error of the mean of three independent experiments with 10 random fields counted for each chamber. (E) Overexpression of MAP4K3 was determined. β-actin served as a loading control. Scale bar, 200 *µ*M. APS, *Astragalus* polysaccharide; MAP4K3 or M4K3, mitogen-activated protein kinase kinase kinase kinase 3; Vec, vector; WT, wild-type; KD, kinase-dead. ^\*\*^P\<0.01 vs. control.](IJMM-42-06-3093-g08){#f9-ijmm-42-06-3093}

![Overexpression of MAP4K3 increases the migration of H460 cells. (A) H460 cells were transfected with 0.5 *µ*g pRK5myc Vec, 0.5 *µ*g AFG MAP4K3-KD or 0.5 *µ*g pRK5myc M4K3, and cultured for 24 h. (B) Wound width was quantified at 19 and 60 h following induction of the wound to cell monolayers. Images were captured using an optical microscope at a ×40 magnification. Data are presented as the mean ± standard error of the mean of three independent experiments with 10 random fields counted for each chamber. Scale bar, 200 *µ*M. MAP4K3 or M4K3, mitogen-activated protein kinase kinase kinase kinase 3; Vec, vector; WT, wild-type; KD, kinase dead. ^\*\*^P\<0.01 vs. M4K3 group at 19 h.](IJMM-42-06-3093-g09){#f10-ijmm-42-06-3093}
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